Single-chain nanoparticles (SCNPs) are a new class of macromolecular objects, synthesized through purely intramolecular cross-linking of single polymer chains. We use a multiscale hydrodynamics simulation approach to study, for the first time, SCNPs under shear flow. We investigate the case of irreversible SCNPs (permanent cross-links) in dilute solution. SCNPs emerge as a novel class of macromolecular objects with response to shear distinct from other systems such as linear chains, star polymers, rings or dendrimers. This is evidenced by the observed set of scaling exponents for the shear rate dependence of the SCNP static and dynamic properties. Surprisingly these exponents are, at most, marginally dependent on the specific topology of the SCNP (globular or sparse), suggesting that they are inherently related to the network-like character of the molecular architecture and not to its specific connectivity. At high Weissenberg numbers the dynamics of the sparse SCNPs is dominated by tumbling motion, whereas tank-treading predominates for the most globular SCNPs.
I. Introduction
Understanding the flow properties of macromolecular objects in solution is a problem of broad interest due to its relevance in many areas of soft matter, engineering and biophysics as e.g., microfludics, extrusion or blood flow. There is nowadays strong evidence that the non-equilibrium conformations and reorientational dynamics under shear flow have a strong, and sometimes even dramatic, dependence on other features than the macromolecular concentration and shear rate. Thus, polymers under shear flow have been shown to exhibit a rich variety of dynamic behaviors depending on the type of bonding potentials, 1,2 excluded volume interactions, 3 hydrodynamics 1,4,5 and, specially, on the molecular architecture.
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The two most commonly observed reorientational behaviors at high Weissenberg numbers (i.e., when the characteristic time of the flow is shorter than longest molecular relaxation time) are: (a) tumbling motion, which is characterized by the polymer alternatingly adapting stretched and collapsed conformations over the course of which it flips 'head' over 'tail'
and (b) tank-treading motion, during which the overall shape of the polymer stays approximately constant and aligned with the flow, while the individual monomers perform a rotation around the center-of-mass. Flexible linear chains are the archetypical example of polymers performing tumbling motion, as extensively discussed theoretically, 10,11 computationally [12] [13] [14] [15] [16] and experimentally. [17] [18] [19] [20] Tank treading has been found in weakly deformable soft objects as vesicles and fluid droplets. [21] [22] [23] [24] For polymers of more complicated architectures, such as stars or rings, these two motions are not only hard to define (for example, what are the 'ends' of a ring to determine tumbling?), but also difficult to distinguish. 1, 2, 25 Another remarkable effect of the molecular architecture is the observation of different sets of exponents for the shear rate dependence of the dynamic observables (viscosity, rotational frequency, etc) as well as the static observables probing aligment and deformations along the relevant directions (flow, gradient and vorticity). In this article we present detailed results that constitute, to the best of our knowledge, the first investigation on the static and dynamic properties under shear flow of the so-called single chain nanoparticles (SCNPs). [26] [27] [28] [29] [30] [31] These topologically complex soft nano-objects, which are obtained through purely intramolecular cross-linking of functionalized single linear chains, are the basis of the so-called single-chain technology, a rapidly growing research area of enormous potential for use as biosensors, 32 catalysts, [33] [34] [35] [36] drug delivery vehicles, 37, 38 rheological agents, [39] [40] [41] etc. Inspired by biomacromolecules such as proteins or enzymes, it is a long-term goal 31 to develop SCNPs via intramolecular collapse/folding with accurate control of the sequence and architecture, and with high-performance and quick response (due to their internal malleability) to environmental changes (pH, temperature, stress, etc). A series of works combining small angle neutron and X-ray scattering (SANS and SAXS) with computer simulations 38, 40, 42, 43 have revealed that the standard protocols of synthesis in good solvent conditions produce topologically polydisperse SCNPs, with a distribution dominated by sparse arquitectures. The fundamental physical origin of this observation is that, independently of the specific chemical composition of the precursor, 44, 45 the conformations of the SCNP in the good solvent conditions of synthesis are self-avoiding random walks (the polymer size scaling with the number of monomers as R ∼ N ν , where ν ≈ 0.59 is the Flory exponent 46 ). In these configurations the formation of long-range loops is unfrequent, and most of the bonding events involve reactive groups separated by short contour distances, which are inefficient for the global compaction of the nanoparticle. [47] [48] [49] [50] [51] [52] It is worth mentioning that the SCNP structure has interesting analogies with intrinsically disordered proteins (IDPs), 53, 54 starting with their scaling behavior (R ∼ N ν , ν ∼ 0.5). Though, unlike IDPs, SCNPs lack regions with ordered secondary structure, they still contain weakly deformable 'domains' (dense clusters of permanents loops) connected by flexible segments. The peculiar architecture of SCNPs leads them to collapse to a so-called fractal globular structure [55] [56] [57] in crowded solutions and melts, suggesting this as a potential scenario for the effect of the steric crowding on IDPs in cell environments.
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Given their architectural complexity, their potential for a broad set of applications in solution and in bulk, and the mentioned structural analogies with IDPs, SCNPs are appealing systems for the investigation of physical properties in flow. The first simulations of SCNPs under (homogeneous) shear flow presented here are limitted to the case of high dilution.
Properties in crowded solutions will be explored in future work. We have made use of the multi-particle collision dynamics 58, 59 technique, which correctly implements hydrodynamic interactions on long time scales. Several remarkable features are already found at high dilution. Thus, SCNPs emerge as a novel class of soft objects with a response to shear distinct from other flexible macromolecules such as linear chains, star polymers, rings or dendrimers.
The differences with these architectures manifest in the set of characteristic exponents found for the shear rate dependence of the SCNP static and dynamic properties. Unexpectedly, these exponents show no significant dependence on the specific architecture of the SCNP, in spite of the broad distribution of investigated SCNP topologies (from globular to sparse ones). This suggests that the observed exponents are inherently related to the network-like character of the molecular architecture, but not to the specific connectivity of the network.
At high Weissenberg numbers the dynamics of the sparsest SCNPs is dominated by tumbling motion, whereas tank-treading motion is predominant for the most globular ones.
The article is organized as follows. In Section II we give model and simulation details.
Structural and dynamic observables under shear flow are characterized and discussed in Section III. Conclusions are given in Section IV.
II. Model and simulation details
We use a multi-scale hybrid simulation technique that combines molecular dynamics (MD) for the polymers with multi-particle collision dynamics (MPCD) for the solvent. The precursors of the SCNPs are modeled as linear chains of N = 200 monomers, of which a fraction f = N r /N = 0.25 are functional reactive monomers. These have the ability to form irreversible crosslinks and are distributed randomly across the polymer backbone, with the constraint that they are never placed consecutively in order to avoid trivial crosslinks. We employ the coarse-grained Kremer-Grest bead-spring model 60 to simulate both the precursor molecules and the synthesized SCNPs. As such, the non-bonded interactions between any two given monomers are modeled by a purely repulsive Lennard-Jones (LJ) potential,
to account for excluded-volume interactions. Here, r = |r i − r j | is the euclidean distance between monomers i and j, while /k B T = 1 and σ = 1 set the units of energy and length, respectively. We use a cutoff distance r c = 2 1/6 σ, at which both the potential and the corresponding forces are continuous. In addition, bonded monomers along the contour of the chain and cross-linked monomers interact via a finitely extensible nonlinear elastic (FENE) potential,
with K F = 15σ 
with r i and v i the position and velocity of the solvent particle i. ii) A collision step, in which they exchange linear momentum. To achieve this, the particles are sorted into cubic cells of length a and subjected to a rotation around a random axis by an angle α with respect to the center-of-mass velocity of the cell v cm , i.e.
with R(α) the rotation matrix. This conserves the total mass, linear momentum and energy of the system. To satisfy Galilean invariance, the cubic grid used to sort the particles has to be shifted randomly in each of the 3 directions at each collision step. 
III. Results and discussion

IIIA. Structural properties
The conformational properties of a polymer can be described by the gyration tensor
where r i,µ and r cm,µ are the µ-th Cartesian components of the position of monomer i and the center-of-mass, respectively. We calculate the eigenvalues λ 1 ≥ λ 2 ≥ λ 3 as well as the eigenvectors w i of the gyration tensor, which define an ellipsoid with the same inertial properties as the polymer. Various shape descriptors can be derived from the components as well as from the eigenvalues of the gyration tensor, such as the asphericity,
which ranges from 0 for objects with spherical symmetry to 1 for a one-dimensional object (λ 2 = λ 3 = 0). For each (topologically different) individual SCNP, its asphericity is averaged over its 20 independent trajectories. The equilibrium asphericity a 0 = a(γ = 0) can be used to discern SCNPs in terms of their structure and it has been shown to correlate with the relative deformability δ = R 2 g − R g 2 / R 2 g of individual SCNPs. 53,54 R g is the molecular radius of gyration,
2 shows representative snapshots of 6 topologically different SCNPs in equilibrium (γ = 0), Since the specific topology of the individual SCNP may be expected to influence its response to shear and its relevant time scales, we introduce the dimensionless Weissenberg number, W i =γτ r , to scale the shear rates. This parameter quantifies the ratio between the relaxation time τ r of the polymer at equilibrium and the characteristic timeγ −1 of the shear flow. To determine the relaxation time of the individual SCNPs, we introduce the autocorrelation function of the radius of gyration at zero shear rate,
and we define the relaxation time τ r as the time at which C(t) has decayed to 0.2. The inset of 3 shows the autocorrelation function for representative SCNPs with very different topologies as measured by their deviation from spherical symmetry. We find that for most of the SCNP topologies C(t) can be described by an exponential decay. 3a demonstrates that the equilibrium asphericity a 0 correlates with the relaxation time τ r obtained from C(t).
The times encompass two decades and roughly scale as τ r ∼ a To investigate the effect of the shear flow on the structure of the SCNPs, in 4 we plot the normalized asphericity a/a 0 against the Weissenberg number W i for 6 different SCNPs As it will be shown, master curves X ∼ W i µ are obtained for the rest of the observables X computed for the SCNPs, with exponents depending on X but not on the specific topology of the SCNP (characterized by the equilibrium asphericity a 0 ). This result is unexpected given the very different topologies of SCNPs covering a rather broad range of asphericities (see 2), and therefore it seems related to the network-like topology of the SCNP but not the specific connectivity of the network.
As can be seen in 1, the stretching and compression behaviors probed by the components At this point it should be noted that, though a broad range of W i-values of experimental interest is investigated here and in the references of 1, the exponents given for the G αα components, and for the other observables discussed in the rest of the article, may be just effective values in a slow crossover regime to the limit of high Weissenberg numbers (W i 100 
presence of shear is given by the orientational resistance parameter
which can be directly calculated from the gyration tensor. It is related to the angle θ between the eigenvector w 1 corresponding to the largest eigenvalue λ 1 and the flow direction x (see 1). For rodlike particles and linear polymers 66, 72, 73 at lowγ the components of the gyration tensor in 9 scale as G xy ∼γ and (G xx − G yy ) ∼γ 2 , such that at low shear rate m G becomes independent of W i. Computational investigations employing the same MPCD method as in this study have confirmed this behaviour also for star polymers.
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As can be seen in 6, however, the data for SCNPs do not clearly approach a plateau at low W i, though no conclusions can be made due to the poor statistics at such low shear rates. 
IIIB. Rheological properties
The contribution of the polymer to the viscosity of the dilute solution can be calculated from the Kramers-Kirkwood stress tensor,
where F i is the total force acting on monomer i and µ, ν denote the Cartesian components.
The polymer contribution to the viscosity is then given by
7a shows the viscosity η relative to the zero shear viscosity η 0 . Here η should be understood as the intrinsic viscosity, 75 since data correspond to the limit of dilute SCNPs. The definition of η includes a division by W i. Therefore η 0 is usually determined by the Newtonian plateau of η at low shear rates W i 1. However, not all the SCNPs exhibit such a well-defined plateau, which is likely due to the big statistical uncertainty in σ µν at low Weissenberg numbers. Therefore, we normalize the viscosities such that the data collapse onto a single curve at high Weissenberg numbers. We find that the intrinsic viscosity of the SCNPs decreases with increasing Weissenberg number, alluding to shear-thinning behaviour, and that it scales as η/η 0 ∼ W i µ with µ = −0.48. This exponent is similar to those of stars and rings (see 1) and much smaller than the value found for linear chains (µ ∼ −0.6; µ = −2/3 in the limit of high Weissenberg numbers 6,70 ). The stronger W i-dependence of the viscosity in the linear chains can be rationalized by the lower compactness of their self-avoiding structure with respect to the other systems, and hence the higher concentration of solvent around each monomer.
In the absence of hydrodynamic interactions, the stress tensor can also be calculated according to the Giesekus approximation, 75 which leads to
and thus η ∼ G yy . Agreement between η and G yy has been found for linear chains in the free-draining limit, In addition to the viscosity, we can also calculate the first normal stress coefficient from the stress tensor, i.e.,
7b shows the first normal stress coefficient as a function of the rescaled Weissenberg number W i. Since σ xx − σ yy ∼γ 2 , a plateau is expected at low Weissenberg numbers. However, similar to the viscosity data, poor statistics at W i < 1 complicates the identification of the zero-shear value in terms of a plateau, so we again scale Φ 1 such that the data collapse onto a master curve at high W i. We find that the first normal stress coefficient decreases
This reflects a slightly weaker dependence than in linear polymers (µ ∼ −1.3; µ = −4/3 according to scaling arguments), 6, 66, 76 and slightly stronger than in low-f stars and rings (µ = −1.1 and -0.97).
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IIIC. Dynamic behavior
Tumbling motion is typically analyzed via the cross-correlation of the diagonal elements of the gyration tensor in the flow and gradient directions 2, 19, 25, 77 C xy (t) = δG xx (0)δG yy (t)
where δG αβ = G αβ − G αβ is the fluctuation of a component of G around its mean value.
Why this is a useful measure for detecting tumbling can be understood by looking at what happens during one tumbling event: for the majority of the time, the polymer is expanded in the flow direction to reduce stress from the current. However, thermal fluctuations lead to stochastic extensions of parts of the polymer in the gradient direction, whereupon those monomers experience an increased drag force from the flow and are pulled along the flow di-rection. As a result, the polymer as a whole contracts to a coil, flips around and subsequently extends again in the flow direction, with the 'head' and the 'tail' having switched sides. Thus, tumbling is characterized by negative anti-correlation peaks in the cross-correlation function C xy . Despite C xy not being perfectly periodic but decaying to zero after some time, signatures of tumbling motion are clearly seen in 8.
Tank-treading, quite contrary to tumbling, is characterized by a lack of fluctuations of the polymer extension in either direction, while the individual monomers rotate around the polymer center-of-mass, leaving the overall shape unaffected. We follow the approach used by Chen et al. 2 to detect tank-treading behavior in ring polymers by calculating the angular auto-correlation function:
where A(t) = sin (2β) and β represents the angle between the vector connecting an indi- To further investigate the difference in the dynamics between these two distinct SCNP topologies, we also plot (10) 
which is based on the rigid-body relation L = Jω L and relates the angular momentum L to the rotational frequency ω L via the inertia tensor J. In the derivation of the geometrical approximation of 16 it is assumed that the velocity of the monomers is governed purely by the This common scaling for the rotational frequency is somewhat unexpected, given the rather different dynamic behaviors displayed at large W i by the C xy (t) and C angle (t) correlators (with predominance of tumbling or tank-treading motions depending on the SCNP topology).
Still, one should keep in mind that both ω L and ω z are based on a generalization of rigidbody rotations to soft objects, and therefore correspond to the rotation of a rigid-body having the average shape of the polymer. Interpretation of ω z as an angular velocity to quantify either the tumbling or the tank-treading frequency suffers from the fact that rotational vibrations are included in the calculation of ω z , which do not add to the molecule overall rotation. Recent studies 9,80 have suggested to use the co-rotating Eckart frame 81 to decouple rotations from vibrations and thus better understand the dynamics of soft objects. An indepth analysis of the rotational dynamics of the various SCNP topologies in terms of the Eckart formalism is beyond the scope of this work and will be studied in a future work. As can bee seen in 1, the exponents found for the W i-dependence of the rotational frequency (as defined in 16) for the different topologies show a strong dispersion and no obvious trend.
The use of the Eckart frame to determine the rotational frequency might shed light on this question.
IV. Conclusions
By means of a coarse-grained polymer model, combined with multi-particle collision dynamics to implement hydrodynamic interactions, we have investigated SCNPs under homogeneous shear flow. SCNPs emerge as a novel class of complex macromolecular objects with a response to shear that is distinct from other polymeric objects such as linear chains, rings, dendrimers or stars. This is demonstrated by the unique set of scaling exponents for the shear rate dependence of static and dynamic observables as the components of the gyration tensor, orientational resistance, intrinsic viscosity or rotational frequency. Surprisingly, the obtained sets of exponents are, at most, marginally dependent on the specific topology of the SCNP (globular or sparse). This suggests that the response of SCNPs to shear is inherently related to the network-like character of their molecular architecture, but not the specific connectivity of the network. By analyzing adapted time correlation functions we have found that at high Weissenberg numbers the dynamics of the sparse SCNPs is dominated by tumbling motion. Tank-treading is predominant for the most globular SCNPs.
The general physical scenario presented here may motivate not only experimental tests in SCNPs but also in intrinsically disordered proteins, given the observed structural similarities between both systems. 
